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(54) System for optimizing cure and assuring quality of reversion susceptible rubber articles 

(57) A database of reversion cure constants is pro- 
vided by measuring a physical property of a rubber for- 
mulation at two different temperatures as a function of 
time, calculating a set of cure constants for the rut)ber 
formulation which account for reversion, and storing the 
constants for later use either to optimize cure for a given 
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a raw compourxi. The invention also provides a curing 
press for optimizing cure including a mold, a heater, a 
temperature transducer, a computer and the database. 
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Description 

Field of the Invention 



iblellSJri'tS" ^^^^ ^ ^ ^^^"^ optimizing the cure cycle and/or for assuring the quality of reversion suscep- 



tible rubber articles. 
Backgroun d of the Inv^ ntii^n 



50 



55 



' yisc^^'^'^-^J,^: compound changes from a relatively weak. viscoelasBc liquid to a relatively strong 
vsroelastic sdid. Th s remarkable transformaton in properties enables rubber formulations to be molded and cured to 
produce rnany useful articles. Probably the most useful rubber article is represented by the toVe hiTev^STiS^^^ 
may also be used in the manufacture and quality control of other rubber artcles 

ohsJlJL*f ^'^ ^"^ '^^^ compounds results in reversion. This effect is directly 

obsen/ed as a disadvantageous decrease in modulus relative to the optimum value 

Most of the cure models presently used by the rubber industry do not account for reversion. Rather thev oredict a 
TTf 1 i ? *^ constants K, . and K^. and two adjustable parameters m and n (Kamal M R W 

conterence. SPE. 187. Montreal. Canada. May 1973; MalWn. A.Y.. -The Macrokinetics and RheoMnetics of the Ha«< 

for MoSSitT-," ''"^f, "^""f^ 3- 293: Kamal. M.R. ^i^eTcSrt^iiSon 

for Moldabiiity Analysis." Polymer Engineering and Science. Vol. 14. No. 3. 1974. p.23l): acienzanon 

^HK,*K^x"')0-x") (1) 

*^1SL^^ ""'^ ""^ ^^"y ^ *^ "^"^ '"■""S an apparent induction time. With K, and 
f^rf.rr ^l^'^J? > '■^"^^ *° "^"^^ '"^ '«^at has been reportJby sleS 

C^^?<7r^,^S ""f T --"^-^ °* Curing constants. Continuous M^r^ZTe 

oure Rate of Rubber. ASTM Special Technical Publication Uo. 383. 1965. p36- Smith TW "MethoH ann An«.«*.„ 

Lh' Determinaton of Best Cure. - Rubber Chemistry and Technology. Vbl. 38 No 4 1 965 p^TsT^S' 

Ifiic2L^^^^"J^f found that with AC,, equal to 0. m equal to 1/2. and n^al to 1 . go^ a^^St S^2n 
SS?«tT?-°^r^*^*°^"^*"^ °" -^"y compounds cSiite Element EvaLL ^ t^Se 

u 7-ec/,nofogy. TSTCA. Vol. 19. No. 4. October-December. 1991. pp.178-212) 

rNoniSr^T'>i!l^,'^? reduces equation (1) to the model proposed by Pitoyan. et at. {Nature 2T2. 1 966. p. 1 229) 
ili ^^"-^^ Compounds.- Rubber Chemistry and Technology. Vol. 61 No 2 988 dd 

340-361); Deng and Isayev ("Injection Molding of Rubber Compounds: ExperlmentatiOT and Emulation - flo^S^ 

2^Z2:r' "^'"T"' ^' PP 296-324); De^("Tak.ngTcio^Sk aUhe o^N^^ 

S ^Ibe^^l l"SuP^^^^ '^"^^ '^^^'^ SocieS^ DSoTMirh- 

igan. uciooer 8-1 1 . 1991 (Paper No. 55)); Burger. Burger, and Pogu ("Influence of Some Parameters on fho t^i.*«« 

a Thermal Model of Vulcanization. 'Rubber Chemistry and Technology. Vol TS^^^^J^ <^^^1 

-Ri3;..2^?^' ?^""^'2' ^ ^^'^''"^/'^i'. Vol. 66. 1993. pp.849-864; Chan. T.W.. Shyu. G.D^£^^ 

r^Sy v^T?S 1 3^'^^^^^ '1' ""r" ''""^ ^ Nonfsothermal dSJ" C/S^^^;; 

i^n?^; !L fl;"^ 314.328). have empbyed special forms of Pitoyan's equation in their work 
None of the models discussed thus far take into account the possibility of reversion It is aeneraiiv thnnnw »h,t 

chams. The rate of reversion is a function of the conpound composition and. especially the tei^ratuVe^ 
condrtions. The composition variables include the amount of sulfuOevel and tS rt^SeteraSTo t^l^cr^ ^ 
m^. and elastomer (Nordsiek. K.H.. "Rubber mterostructure and Reversion." ^X^nrH^'c^a^D^^^^^ 
tZT"'.^- ,f"^^G«>'*erg. I.. -Kinetics and Optimum Phenomenon of Vulcanization " flSr cS^S^'^d 
rZZ^^i^°^- PP^-«37; J and Heidemann. W.. "A New Method for SeterSn^m the VuSzaton 

Characteristics of Rubber Compounds." Rubber Chemistry and Technology Vol Vl IsS m ?ol i iJ rh!n r u 
CoHins. E.A.. Sherton. J R.. and Koenig. J.L.. "Confounding Variables^SSiK^ng tJe R^^rK,^ P^^^ 

«ni,!S - o kk' °^*'«*'"Wpholine-Based Accelerator System in Tire Tread Compound for High-Temoerature \i7 
<^^za^.' Rubber Chemistry and Technology. Vol. 52. No 5. 1979. pp.985994; LyXh^stej^ U a^ISi^^^^ 
A.S -The degradation of Main Chains and Crosslinks in the Aging of VUlciiizates - fl^^^r '^^m^cTJ^^^ 
T^hnology. Vol. 34. 1961. pp.922-924; Blackman. E.J. and McGa.l.VI.°"R^aS^W2.1^;e^^^^ 
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Natural Rubber Vlilcanizates and Their Thermal arxJ Oxidative Aging," Rubber Chemistry and Technology, Vol. 43, No. 
3. 1970. pp.651 -663; Studebaker, Merton L, "Effect of Curing Systems on Selected Physical Properties of Natural Rub- 
ber VdlcanlzateSi" Rubber Chemistry and Technology. Vol. 39, No. 5. 1966, pp.1359-1381; Parks, C.R.. Parker. D.K.. 
Chapman. D.A., and Cox, W.L, "Pendent Accelerator Groups in Rubber Vlilcanizates." Rubber Chemistry and 
5 Technology, Vol. 43, No. 3. 1970, pp. 572-587). 

Reversion degrades physical properties such as modulus, fatigue life, and the like. Since the reversion rate may 
rise drastically as the tenperature increases it may happen that the physical-mechanical properties obtained from a 
short time, high temperature cure cycle are inferior to those obtained from a relatively long time, low temperature cure 
cycle. 

10 A search of the literature shows tiiat only a few authors have even attenpted to include reversion in their proposed 
cure kinetics models. Interestingly. Shankar only considered the reversion portion of the cure and concluded, from 
swelling measurements, that the crosslink density decreased exponentially with time (Shankar. Uma. "Investigations of 
the Reversion of Vulcanized Rubber Under Heat," Rubber Chemistry and Technology, Vol. 25, 1952, pp.241 -250). 
Beilstein proposed that stable and unstable crosslinks are formed and tiiat only the latter break down, tiius inplying 

15 a limiting value for the degree of cure ("Some Aspects of High Temperature Vulcanizatk)n," Rubber Chemistry and 
Technology, Vol. 34. 1961 , pp.31 9-333). Beilstein assumed first order kinetics for tiie two fbnward reactions and also 
first onjer kinetics for tfie reversion reaction that destroys the unstable crosslinks ("Some Aspects of High Tenperature 
Vulcanization," Rubber Chemistry and Technology, Vol. 34, 1961, pp.319-333). 

Several authors have presented models that account for a marching modulus type cure subsequent to a pro- 

20 nounced reversion (Russell. R-. Smith. D.A., and WeWing. G.N.. "Kinetics of Thiazole-Accelerated Sulfur VUteanization 
of Natural Rubber." Rubber Chemistry and Technology, Vol. 36. No. 3. 1963. pp.835-843; Redding, R.B. and Smith. 
D.A., "Overall Kinetics of Natural Rubber Vulcanization at High Temperatures. I. Review of Investigation Techniques, 
Methods, and Previous Results of Kinetic Analysis." Rubber Chemistry arid Technology, Vol. 44. 1971. pp. 1316-1325). 
Their model assumes the overall cure curve results from the sum of tivee concurrent reactions: 

25 

a. first order insertion of crosslinks 

b. first order destruction of crosslinks 

c. a slow, zero order crosslinking reaction. 

30 Scott and coworkers presented a sinple. two rate constant model for reversion type cures ("Network Degradation 
Accompanying the vulcanization of Natural Rubber with a Sulfur-Diphenylguanidine System." J. Applied Poly Sc/.. Vol. 
8. 1964, pp.2909-2922). Essentially the same nxxlel was used recently by Dinges. Westenberger, and Schnetger in a 
study regarding computer-aided optimization of a vulcanization process ("Computer-Aided Optimization of the Vulcan- 
ization Process." Bayer AG, Bayenwerk. 5090 Leverkuseh, Germany). This particular model is easily cast in ternns of 

35 rheometer tongue readings if one assumes changes in isothermal torque values are proportional to changes in crosslink 
density. 

None of these known models accurately predicts optimum cure for cases with and wittiout reversion, while simul- 
taneously offering a reasonat)le kinetic interpretation of some basic mechanism of the vulcanization process. 

Advanced tire manufacturers nonetheless use these flawed cure kinetics models for setting optimum cure cycles. 
40 The modern cure process uses expensive, high technology equipment, consumes energy, and stirongly affects tiie 
material properties. A temperature history of the cyde is used in an attempt to optimize ttie cure according to the nrxxJel . 
An "optimized cure" insures superior tire compound properties in a cost competitive manner. 

U.S. Patent No. 4.551 ,807 discloses a cure control method utilizing a model which does not account for reversion. 

U.S. Patent No. 4.371.483 discloses a vulcanizing pirocess utilizing a model which assumes no reversion and no 
45 induction time, arxi which is a special case of the '807 patent model. 

U.S. Patent No. 3,81 9,91 5 discloses a metiiod for controlling the cure of a rubber article according to a model which 
accounts for an induction time but not for reversion and is a special case of tiie '483 patent model. 

U.S. Patent No. 5,055,245 discloses a method for controlling tire cure via temperature measurements of boundary 
conditions which are tiien used to predk;t temperature profile throughout tiie tire. Cure state is tiien predicted. by an 
50 Arrhenius approach which does not account for reversion. 

U.S. Patent No. 4,34,142 discloses a rubber mokJing press controlled by an optimum cure time continuously recal- 
culated according to an Arrhenius approach. 

U.S; Patent No. 4.819.177 discloses a metiiod of curing ttiin, rubber articles such that prediction of temperature 
gradients within the articles is unnecessary and only mokJ set temperature is monitored and comrolled. 
55 U.S. Patent Nos. 4.810.438 and 5,345,397 disclose systems for controlling the cure off fiber-reinforced composites 
within autoclaves. 

U.S. Patent No. 5.207,956 discloses a method of cure control via in-line measurement of sound velocity which is 
related to nxxJulus. 
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What is desired, therefore, is a system for optimizing the cure cycle and/or for assuring the quality of rubber articles 
utilizing a model which accounts for reversion. 

Summar y of the Inventinn 

Accordingly, it is an object of the invention to provide a model for the cure of a rukJber article which accounts for 
reversion. 

Another object of the invention is to provide a system using the above model for tuning the curing process of a given 
compound to achieve optimized cure for a rubber article. 

A further object of the invention is to provide a system using the above nxxJel for altering a conpound to achieve 
optimized cure with a given process. 

Still another ot»ject of the invention is to provide a system using the above model for analyzing the quality of a raw 
rubber compound before it is used to manufacture a rubber article with a non-optimized cure. 

Yet a further object of the invention is to provide a system of the above character for aiding to diagnose production 
problems causing deviation from optimized cure in finished articles. 

Yet another object of the invention is to provide a curing press for manufacturing an article from a rubber forrmilation 
with an optimized cure. 

These and other objects off tiie invention are achieved by provision of a metfiod of creating a database of reversion 
cure constants comprising measuring a physical property of each formulation at two different tenperatures as a func- 
tion of time, calculating a set of cure constants for the rubber formulation which account for reversion from the physical 
property versus time profiles, and storing the constants. 

In another aspect tiie invention refates to a method for optimizing cure of a rubber compound using the database 
and comprising determining a temperature-time profile of a curing process, and reducing the profile and tiie constants 
for the compound to a succession of isotfiermal cases for determining whetiier cure is optimized. 

In anotfier aspect tfie invention relates to a metiiod for assuring quality using tiie database and comprising prepar- 
ing a sample, measuring the sample at a given tenperature as a function of time, applying a reversion model to the 
measured data and comparing measured constants with predicted constants for the sample. 

The invention also provides a curing press for optimizing cure including a nx)ld. a heater, a temperature transducer 
a computer and the database. 

The invention and its particular features and advantages will become more apparent from the following detailed 
description considered witii reference to tiie accompanying drawings. 

Brief Description of the Drawings 

FIGURE 1 is a plot of ^(f) versus Kt at different values of n. 
FIGURE 2 is a plot of x{0 versus Kt at different values of n. 
FIGURE 3 is a ptot of xiO versus t at different values of K, 

FIGURE 4 is a comparative plot of S' versus time for predicted and observed torque curves of Ckxnpound N at dif- 
ferent temperatures. 

FIGURE 5 is a comparative plot of S' versus time for predicted and observed torque curves of Ckxnpound R at dif- 
ferent temperatures. 

FIGURE 6 is a table summarizing constants for Compounds N and R derived using a predictive model for reversion 
type cures in accordance with the invention. 

FIGURE 7 is a block diagram illustrating creation of a database of constants for a myriad of rubber conpounds 
derived using a predictive model for reversion type cures in accordance with the invention. 

FIGURE 8 is a block diagram depicting use of the database of FIGURE 7 to derive an optimized curing process for 
a given compound. 

FIGURE 9 is a block diagram depicting use of the database of FIGURE 7 to derive a conpound for achieving an 
optimized cure urxJer a given process. 

FIGURE 10 is a block diagram depicting use of the database of FIGURE 7 to assess ttie quality of a raw rubber 
conpound before It Is used to manufacture a rubber article with a non-optimized cure. 

FIGURE 1 1 is a cross-sectional schematic of a curing press for manufacturing tires according to the systems of Fig- 
ures 8 and/or 9 for optimizing cure and/or the system of Figure 10 for controlling quality of rubber articles. 

Detailed Description of the Invention 

Before describing use of the reversion model to optimize cure and assure quality of manufactured rubber products, 
we will explain the mathematical derivation of our reversion model. 
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A. Non-reverting Cures 

We follow an approach that is well known in the study of phenomena that involve transformation of populations from 
one state to another. Some examples are the development of mortality profiles (transformation from living to 
5 dead)(Eland^ohnson. R.C. and Johnson. N.L, "Survival Models and Data Analysis." J- Wile and Sons. Inc., N.Y, 1980) 
and the aging of industrial products (transformation from working to broken) (Gn^enko, B., Beliaev, Y, Soloviev, A., 
"Methodes methematiques en theorie de le fiabtiite," Mir Moscow. 1972). The basic hypothesis is that the speed at 
which a species A changes state relative to the amount of A still to be transformed, follows some regular pattern. Thus, 
the Basic law of the transformation phenomenon is of the kind: 

10 

Mt)=-^*\ (2) 



15 For example, for the survival analysis of human populations equation (2) becomes the Gompertz law [30]: 

^(x)=Dexp(x/E) (3) 

where the quantity \i{x) is defined the "force of mortality". 
20 In reliability theory, the failure of a population of industrial products is well ruled by the following expression (Weibull 
law (Gnedenko, B., Beliaev, Y. Soloviev. A,, "Methodes methematiques en theorie de le fiabilite." Mir Moscow. 1972)): 

n(x)=R" (4) 

25 The quantity fi(x) is defined, in this case, as the hazard function. 

Inspection of the rheometer cure (or other test properties such as sonic velocity, differential scanning calorimeter, 
dielectrometer and the like, which can be related to cure state) curves for the cases with no reversion suggests that the 
reaction(s) that transform sulfur from the free state to the crosslinked one can well be described by an assumption of 
the kind in equation (4). If we let S indicate the current amount of sulfur. Sq denote the initial amount, and C the amount 
30 that is crosslinked. then one can write: 
S ->C 

S^-S= pC (5) 

35 where p adjusts for the stoichiometry of the transformation. The limiting value of C becomes = S^/p - 
According to the above discussion, we can define the following quantity: 

40 



The last equation defines the specific rate of disappearance of S or the specific growth rate of C. 
If we now introduce the Weibull law the quantity on the left side of equation (6) becomes: 

45 ii{t)=K(Kt)"'^ (7) 

where n is equal to or greater than one. K is a rate constant that will be shown below to obey the Arrhenius equation. 
. Thus, the rate of formation of C(t) is given by: 



so 



^^HC^-C)K{Kt)"'^ (8) 



When n is equal to one the last equation reduces to the simple first order cure law. In this case the overall rate con- 
55 stent is equal to K, i.e.. is independent of time under isothermal conditions. However, when n is greater than one the 
last equation implies a zero cure rate when the time t is zero. In conventional derivation of chemical kinetic equations 
this would be not allowed. However, we recognize that tiie molecular details of how an S becomes a C are extremely 
complex. The conversion of free sulfur to crosslinks probably Involves many intermediate species, giving rise to a large 
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sequence of relatively simple kinetic steps. Hence, the "regular pattern" mentioned above is taken to be an apparent 
time-dependent rate constant. ^(0. whose validity will be judged by how well it will fit the experimental data. 
Integration of equation (8) yields: 

C(0-C^{1-e' " } (9) 

The quantity x(0 = C(t)IC^ is defined to k>e the degree of conversion (cure). The quantity is the asymptotic 
10 value of C(t) observed as the time approaches infinity. 

Figure 1 depicts a plot of ^(0 versus Kt. Each curve corresponds to a different value of n. It is seen that as n 
becomes greater than 1 (first order kinetics) the specific speed of transformation gets smaller and smaller for Kt less 
than 1 and the opposite happens for values of Kif greater than 1. 

The consequence of this on the degree of cure is shown in Figure 2, where again the independent variable is Kt, 
IS As n increases the shape of x(0 becomes flatter near the origin, creating a delay that suggests a traditional "induction 
time". It is also seen that with increasing n tiie lowest "starter" attained the highest degree of cure after about Kt=2 . 

Figure 3 shows how the degree of cure changes as K assumes different values but with n set to a constant value 
equal to 4. The AC values are typical for ecperimental values observed at 140, 150, 160, and 170 degrees C. 

20 B. Reverting Cures 

For cures that exhit)it reversion we assume tiie following simple scheme: 

S > Ca formation of strong crosslinks 

S > Cp formation of weak crosslinks 

25 Cp > P loss of weak crosslinks 

where each of the specific rate constants for the steps above are denoted as: 

^ia(0=/^J/^aO""' (10) 

30 ^p(0=/^p(/<:pO""' 

According to the scheme shown above one can write the rate of transformation of S as: 



35 



45 



50 



55 



^=-(^a(0+Hp(0)S(0 (12) 



40 Integration of the last equation yields: 



S{t)=S^e " (13) 

where is the concentration of S at t=0. 

Let C{t) denote the total concentration of crosslinks. Thus, 

C(0=CJO+Cp(0 (14) 

The rate of formation of the strong links is given by: 



— ^=Ha(OS(0 (15) 



The rate of formation of the weak crosslinks is given by: 
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^^=^ip(OS(0-^i,(OCp(0 (16) 



at 

5 Upon substitution of equation (13) into equation (15) and into equation (16) the integration of the last two equations is 
easily carried oul. The initial concentrations of weak and strong links are taken to be zero. The degree of cure is 
x(0=C(0/S^.Thus, 

X(0==^(1-e " " -e " ) (17) 

k" k"-k" 

where, to gain economy in writing we have defined to be: 

+ {17a) 

Thus. x(0)=0 and x(«=)=1 when Ky=0. as required. 

For suff icientiy long time x( 0 is equal to tiie fraction: 

20 

SL = 



25 

for the reverting cure case. This quantity may be considered as representing tiie fraction of crosslinks remaining after 
reversion is complete, i.e., the fraction of strong links. 

We relate the degree of cure to the corresponding rheometer torque value in the following manner. 
Consider the torque to be the sum of a viscous component and a component resulting from chemical formation of 
30 crosslinks. Thus, 

r(f)=r,(f)+r^(0 (18) 
r(f)=r^(0+r^x(0 

35 

For tiie viscous component. r(0. we impose the following constraints: 

r,(0)=ro (19) 
40 rg(oo)=o 

The component due to formation of crosslinks has the following properties: 

rc(0)=0 (20) 

45 

and, with the viscous component set to zero: 

rc(o°)=re (21) 

50 We assume that the viscous component takes the form: 

r,(0=e " . (22) 

55 

where h is a constant. Recognizing that the derivative of r(t) with respect to time is equal to zero when f=0 one easily 
obtains the following expression for h: 
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hHK: + K;)^ (23) 



5 Confining equations 1 8. 22. and 23 yields the following expression for the isothermal torque-time profile: 



r t" 



r(0«r,e +r^x(0 (24) 



which includes six cure constants accounting for reversion Kq. Kp. F^, and n. 

C. The Curve Fitting Algorithm 

75 The numerical approach followed to identify the coefficients and to verify the validity of the proposed model involved 
two stages. 

In the first stage a commercially available, multi-purpose software package, MATHCAD 5.0^ (MathSoft Inc. of Cam- 
bridge, Massachusetts), had been applied to isothermal data to test several preliminary versfons and to fine tune the 
structure of the model. This stage has been particularly useful in generalizing equation (9) to the case v«th reversion. 
20 After verifying that the model, equation (24), is acceptable from a numerical point of view (low error, high correla- 
tion) and sound from a physical point of view because it enables a reasonable interpretation of tiie overall chemical 
mechanism involved, an ad hoc curve fitting code was then developed. 

Specifically, in the second stage a numerical algorithm able to automatically generate a first guess for the unknown 
constants arxJ then begin an iteration process based on the Newton-Gauss and steepest descent methods. At each 
25 step a solution is found with kx>th methods. Then a "line-search" finds a third solution that is the optimal t>etween the 
first two solutions. In the Irteratijre the previous method is known as "Powell's Hybrid Method** (Seber. G.A.F., Wild. CJ.. 
"Nonlinear Regression." J. Wiley arxj Sons, Inc., N Y, 1989). 

The code has been written in GWBASIC and can run on any PC. A typical case with about 30 to 40 experimental 
torque-time data points requires no more than a few minutes of computation time with a 486 microprocessor (66 MHz). 
30 presentiy. atxsut 80 isothermal cases have fc>een analyzed with very good results. 

D. Non- Isothermal Case 

For each rheometer (or other physical property test) curve, six constants are obtained via the numerical algorithm 
35 described in the previous section: K^, K^. Ky, F©. F^, and n. Once the six constants have been calculated for several 
temperatures (minimum of two required), each one of them is expressed as a formula which describes their tempera- 
ture deperxience. We have found, for example, tiiat the constants obey an Arrhenius type expression of the kind. 

E E 

^ K^=Kle"^ r„=r^e^ (25) 



Z c- 



50 

allowing a simple representation of their respective temperature deperxlencies that can be found with a simple linear 
least squares procedure. Twelve constants are tiius defined for the non-isothermal case and E^, and Ep. K° 
and Ey,T% and Eo,T% and E^ and rP and E^The twelve constants can also be obtained with a fitting algorithm that 
calculates them simultaneously from equations 24, 25 using as input a set of at least two tenperature-time profiles. It 
55 is understood that other types of expressions representing temperature dependency nnay also be used. 

These twelve constants make it possit>le to predict the torque and/or degree of cure for an arbitrary temperature- 
time profile using known numerical methods for reducing the general case to a succession of isothermal cases. 
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E. Comparison of Experimental and Predicted Rheometer Cure Profiles 

The following comparisons are not intended to be restrictive of the invention but only to demonstrate that the oKxiel 
accurately predicts cure profiles for compounds having very different degrees of reversion. 
5 A Monsanto Moving Die Rheometer (MDR). model 2000E was used to obtain the rheometer cure curves. The sam- 

ples were run at 1 4G, 15G, 18G, and 170 degrees C. The strain amplitude was set to -»-/** G.5 degrees arc at a freQuency 
of 1 .667 Hertz. 

The two compounds reported on here are both accelerated, sulfur cure recipe, carbon black-loaded, elastomers. 
The first compound, denoted compound N, exhibits essentially no reversion upon curing. The second compound, 
10 denoted compound R. exhibits a significant degree of reversion, especially at elevated temperatures. 

Figure 4 shows a comparison of the predicted cure curves (solid lines) versus the experimentally observed curves 
for compourxi N, the non-reverting compound. A similar comparison is shown in Rgure 5 for Compound R. the reverting 
compound. 

Inspection of Figures 4-5 shows that there is a slight, systematic difference between the shapes of the experimental 
IS and predicted torque curves. However, the overall 'Yit" is excellent and appears to improve with increasing temperature. 
Furthernx>re. the difference is within the usual batch to batch reproducibility observed in plant operations. 

FIGURE 6 is a table which lists the constants used to predict the curves, via equation (24), at each respective tem- 
perature. The constants which would be obtained via use of equation (25) were not used here. If those obtained from 
equation (25) were used, however, one would observe about equal, overall "goodness of fit". 
20 Nevertheless, from the Arrhenius plots for the rate constants the following values of the activation energies were 
deduced: 



Compound: 


N 


R 


Ea, J/mole 
Ep, J/rnole 
J/mole 


9.62*10'* 


7.91*1 0"* 

10.97*10"* 

17.07*10"* 



30 

The dissociation energy of the tetrasulflde linkage has been studied by a kinetic technique by Kende, Pickering, and 
Tobolsky ("The Dissociation Energy of the Tetrasulfide Unkage." J. Amen Ohem. Soc„ Vol. 87. 1965. p.5582). They 
suggested that the experimental activation energy may be equated to the dissociation energy of the sulfur-sulfur bond 

35 in methyl sulfide. The particular value they reported is 15.1 *10'*. +/- 1 .5*10"* joules/mole. Our value of E^ = 1 7.07*10 
joules/mole is in good agreement with the Tobolsky school. The latter reference also reviews the work of others in the 
field. Furthermore, the activation energies for the formation steps appear to be well witiiin tiie range reported in the rub- 
ber literature. Consequently, we believe our model yields physically reasonable parameters. 

Now, with reference to FIGURES 7-11, use of tiie reversion models represented by equation 24 in tiie isothermal 

40 case, with the addition of equation 25 in non-isothermal conditions, to optimize cure and control quality in accordance 
with the invention is described. 

FIGURE 7 depicts creation of a database of cure constants for later use to optimize cure and control quality of rub- 
ber articles. For each different rubber compourxi formulation 20, a raw rubber sample 22 is made. Torque (or other 
physical properties which may be related to cure state) measurements are made on the rubber samples at 52 with a 

45 rheometer to generate isothermal torque-time profiles 54 (see. e.g. FIGURES 4-5). A computer 56 is used to apply a 
curve fitting algorithm 58 to each profile 54 from which the six isothermal constants may be determined with equation 
24. the isothermal case of reversion/nonreversion model 60. 

Once the six constants have been determined at a minimum of two temperatures for a particular compound formu- 
lation 20. each of the constants can be expressed witii a formula which describes their temperature dependence. Equa- 

50 tion 25 represents this non-isothermal case of reversion/nonreversion model 60 from which the twelve non-isothermal 
constants can be determined. These twelve non-isothermal constants are then stored on database 62 for each com- 
pourKl formulation. It is understood that in the event only the isothermal constants will be necessary, the six constants 
may be stored on the database for each compound formulation. 

Sets of the twelve constants collected arxi stored on database 62 can be used in two ways to optimize cure and 

55 control quality. First, the twelve constants can be combined with a given temperature to yield predicted values of the six 
isothermal constants for a comparison to empirically derived values of the constants at the given temperature. Second, 
the twelve constants can be combined using known numerical methods with a temperature-time profile of the curing 
process in order to determine state of cure. 
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Referring to Figure 8. a system 63 for optimizing cure of a given compound 65 is illustrated. Given compound 65 
may, for example, represent the formulation of a particular portion of a tire such as the sidewall, tread, subtread, or of 
another rubber product desired to be manufactured. 

At 67, compound 65 is cured according to a process having particular ambient conditions, a particular type of vnoki 
or press, a particular type of nrK>ld/|press heating means, a particular heat transfer medium, particular ramp up and cool 
down characteristics, and the like. In the case where they are tires 21. rubber article samples 22 are cured in a press 
24 such as that illustrated in FIGURE 11. 

Press 24 comprises a vnoki unit 26 and a bkaMer unit 28. Bladder unit 28 includes a collapsible t)ladder 29 secured 
by upper and lower rings 30, 31 to a center post 32 supported within a sleeve 33. Lower ring 31 is connected to pipes 
34. 36 for circulating heated fluid medium such as steam, gas or water through an inner space of bladder 29. 

Mold unit 26 includes upper and lower mold halves 38. 40 arrayed between upper and lower platens 42. 44 for heat- 
ing the mold. Platens 42, 44 include passages 46, 48 for circulation of heated fluid. e.g. via pipe 50. It is understood that 
other types of curing presses and/or molds having different features arxi capabilities may be used without departing 
from the scope of the invention. By way of example, txjt not limitation, the press may be electrically heated arxJ tiie mold 
may be segmented into more than two parts. 

Press 24 includes a plurality of temperature sensors 68, 70, 72, and 74 any one or more of which may be used to 
empirically determine a temperature-time profile 76 of curing process 67. It is understood that the temperature-time pro- 
file 76 may also be known, assumed or calculated for the curing process and compound, in whk;h case no measure- 
ment need be taken nor any actual curing completed. 

Computer 56 utilizes a known numerical method 78 with inputs of the twelve non-isothermal constants which 
account for reversion returned from database 62 for given compound 65. and a temperature-time profile for curing of 
compound 65 to reduce the general case to a succession of isothermal cases. 

From this previous calculation, the degree of cure for any point in the rubber article where the temperature profile 
is given may be obtained. It is known at 80 to one skilled in the art whether the cure is optimized for the article. The 
overall cure of an article such as a tire having different compounds in different regions thereof (e.g. tread, sidewall. sub- 
tread) is optimized k>y optimizing cure of a single region of the tire or other article. Determination of which region of the 
article is most critical to optimize is known to one skilled in the art. 

If cure is optimized, then system 63 ends at 82 and process 67 may be used to optimize cure for given compound 
65. If, however, cure is not optimized, then system 63 branches along line 84 and changes 86 are made to curing proc- 
ess 67 in order to change its temperature-time profile 76. Change 86 may be a relatively simple matter of adjusting dwell 
time in the mold, maximum temperature of the mold and rates of mold heating/cooling, or it may require use of a differ- 
ent mold or press with different heating parameters or the use of a moWypress in a different ambient environment. For 
example, a molding process which is optimized for the summer months in a northern state may not be optimized for the 
same plant during the winter months. 

Referring now to Figure 9. a system 87 for optimizing cure with a given curing process 88 is illustrated. Given proc- 
ess 88. for example, represents a particular curing press/mokJ and amtxent conditions desired to be used to manufac- 
ture a tire or other rubber product. 

At 90. a best guess compound is selected. This best guess is likely to become more and more accurate as data- 
t>ase 62 grows and the operator becomes more familiar with its constants. Conpound 90 level of cure can t>e predated 
with the given process 88 and a temperature-time profile which is measured-in the case of tires by sensors 68. 70. 72. 
and/or 74 (Figure 1 1), for example. It is again urxierstood that temperature-time profile 76 may also be known, assumed 
or calculated for the curing process and compourxl. in which case no measurements need be taken nor any actual cur- 
ing completed. 

As with system 63, Computer 56 utilizes a known numerical method 78 with inputs of the twelve non-isothermal 
constants which account for reversion returned from database 62 for given compound 65. and a temperature-time pro- 
file for curing of compourxl 65 to reduce the general case to a succession of isothermal cases. 

As described ak)Ove. it is known to one skilled in the art from the calculation at 80 whether the cure is optimized. If 
cure is optimized, then system 87 ends at 82 and no changes to the formulatk>n of compound 90 need to be made to 
optimize cure for given curing process 88. 

If, however, cure is not optimized, then system 87 branches along line 84 to select a new set of the non-isothermal 
constants 92 from database 62 representing a different or best second guess compourxJ formulation 94. Possible 
changes to the rubber compound formulation include more or less carbon bkack, accelerator, sulfur, and the like. The 
t>est second guess is also likely to become nrK>re accurate as database 62 grows and the operator becomes more famil- 
iar with its contents. 

Systenr^ 63 (Figure 8) and 87 (Figure 9) permit rut>ber article manufacturers to optimize the cure of their rufc)ber 
products, while accounting for possik>le reversion. An "optimized cure" provides the most complete cure with the lowest 
cure time and/or energy input, providing a tool to use plant facilities as economically as possible to produce high quality 
rut)ber products. It is understood that for articles such as tires which include multiple rubber conpourxls, cure of only a 
single compound or article region may be optimized and the selection of which compound this is and/or which region is 
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optimized is made by one skilled in the art. It may be the case, e.g.. that inproving the cure of two compounds in a tire 
or other article may produce a better "optimized cure" product than optimizing the cure of one of these compounds to 
the detriment of the cure of the other. 

Referring now to Figure 10. the isothermal case of the reversion/nonreversion model 60 represented by equation 

5 24 can be used in a quality assurance program 96 at a riA)ber article plant. A production rubber sample 98 may be 
selected from the production line for quality testing. Sample 98 is subjected to a rheometer test 1 00 at a given tenper- 
ature to produce an isothermal torque-time profile 102. This test only takes a few minutes and can be done in real time 
before the rubber is used in a tire or other rubber article. It is understood that other physical property measurements 
may be sut)strtuted for the rheometer test, the only requirement being that the physical property tested be a function of 

10 cure state. 

Applying the isothermal curing nxxiel of equation 24 to torque-time profiles 102 at 104 yields the six measured iso- 
thermal cure constants which account for reversion. The measured isothermal cure constants are then compared at 
106 with the predicted isothermal cure constants for the formulation of the rubber compound and for the given tenrper- 
ature at which the rheometer measurements were taken. 

15 Database 62 stores twelve non-isothermal constants for production sample 98 which may be converted to the iso- 
thermal constants using equation 25 and the given temperature. 

If the measured and predicted values of the isothermal cure constants match at 108 then the continuing quality of 
the rubber articles is assured. If, however, the values of the measured and predicted isothermal constants do not match, 
then the reasons why continuing quality is not assured are diagnosed and corrective action may be taken at 1 10. Pos- 

20 siWe reasons include more or less than the expected amount of one of the rubber formulation's components, and devi- 
ations in preparation of the compound. As the database becomes more and more complete and the operator more 
knowledgeable, the database may be used to aid in diagnosing possible deviations from the expected formulation 
based upon the values of the constants obtained. 

Although the invention has been described with reference to a particular arrangement of parts, features and the 

25 like, these are not intended to exhaust all possitrfe arrangements or features, and indeed many other modifications and 
variations will be ascertainable to those of skill in the art. 

Claims 

30 1 . A method for creating a database of cure constants, which account for reversion, for later use to optimize cure of a 
rdtiber cQmpourKl, comprising the steps of: 

providing a plurality of rublDer sanples, each sample having a particular rubber formulation; 
for at least two different temperatures, measuring a physical property which can be related to cure state of a 
sample of each different formulation as a function of time; 

calculating a set of cure constants for the rubber formulation which account for reversion from the physical 
property versus time profiles: and 

storing the set of cure constants on the database togetiier with the corresponding rubber formulation. 

The metiiod of claim 1 wherein the calculating step comprises calculating a set of isothernnal cure constants at 
each temperature for each sample from its physical property-time profile, expressing tiie isotiiermal constants with 
a formula which describes tiieir temperature dependence, and calculating the non-isothermal cure constants for 
each rutsber formulation. 

The method of claim 2 wherein the measuring step comprises measuring torque with a rheometer. 

The method of daim 3 including the step of retrieving the non-isotiiermal cure constants from the database for a 
selected rubber formulation and combining them witti a tenperature-time profile of a curing process to predict state 
of cure of the selected rubber formulation. 

A method for optimizing cure of a rut)ber compound, comprising the steps of: 

providing a datat>ase including non-isothermal cure constants for ttie rubber conpound which account for 
reversion; 

55 providing a curing process for the rubber compound; 

determining a temperature-time profile of the rubber compxxjnd for the curing process; 

reducing the temperature-time profile and the non-isothermal cure constants witti numerical analysis into a 

succession of isothermal cases; and 

determining whether the curing process will optimize cure for the rut^ber connpound. 



35 
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6. The method of claim 5 wherein the detemrilning step comprises measuring the temperature-time profile during cur- 
ing of the rubber compound. 

7. The method of claim 6 wherein the non-isothermal cure constants are KSl and E^, and Ep, Ky and Ey,r% and 
5 Ee. rS and E^. and rf and E„. 

8. The method of claim 7 wherein the curing process providing step comprises selecting a curing process, and includ- 
ing the step of changing the curing process when optimized cure is not achieved for the rubber compound. 

10 9. The method of claim 8 including the step of changing a formulation of the rubber compound when an optimized 
cure is not achieved. 

10. A method for assuring the quality of manufactured rubber articles comprising the steps of: 

15 preparing a rubber sample according to a production formulation; 

measuring, at a given temperature and as a function of time, a physical property of the rubber sample which 
can be related to cure state of the article; 

applying a curing model which accounts for reversion to the isothermal physical property-time profile to gener- 
ate a set of measured Isothermal cure constants; 
20 retrieving a set of predicted cure constants for the production formulation at the given temperature from a data- 

base of predicted cure constants; and 

comparing the measured isotiiermal cure constants with the predicted cure constants to determine whether a 
rubber article produced with the production formulation will have an optimized cure. 

25 11. The method of daim 1 0 wherein the measuring step comprises using a rheometer to take torque versus time meas- 
urements of the rvtber sample at the given temperature. 

12. The method of claim 1 1 wherein the applying step comprises calculatirig measured isothermal cure constants K^, 
K^, Ky. Te, To and n. 

30 

13. The method of daim 12 wherein tiie retrieving step comprises retrieving predicted isothermal cure constants K^, 
K^. Kj.Fe. r^and n. 

14. The method of claim 12 wherein the retrieving step comprises the steps of: 

35 

retrieving predicted non-isothermal cure constants and E^,, /Cp and Ep, arxl E^. r© and Eg. r o and E^, 
and rf and E„; and 

calculating predicted isothermal cure constants K^, K^, K^r^, Fq and n from the predicted non-isothermal 
constants and the given temperature. 

40 

15. The method of claim 14 induding the step of searching the datat>ase of predicted cure constants at the given tem- 
perature with the measured isothermal cure constants to determine a formulation of the rubber sample. 

1 6. A method of claim 1 4 including the step of curing a portion of the rubber sample with a process determined to pro- 
45 vide an optimized cure for the production formulation. 

17. A curing press for manufacturing an artide from a rubber formulation with an optimized cure, comprising: 

a mold having at least two segments; 

so means for heating said mold; 

a transducer for generating a signal indicative of a temperature within said mold; and 
a computer for receiving and storing the temperature indicative signal as a f urx;tion of time and for storing a set 
of non-isothermal cure constants for the rubber formulation, said computer for redudng tiie temperature-time 
profile and the cure constants to a succession of isothermal cases to determine whether the cure was opti- 

55 mized. 

18. The curing press of claim 1 7 wherein the set of non-isothermal cure constants are calculated by measuring a sam- 
ple of the rubber formulation with a rheometer for at least two different temperatures. 
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19. The curing press of daim 18 wherein said transducer is located within the mold in contact with a surface of the arti 
cle being cured. 
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FIGURE 6 
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